Abstract. Measuring the vibrational-to-translational relaxation time τ V-T in gases is
INTRODUCTION
The photoacoustic spectroscopy can be used for measuring vibrational-to-translational relaxation time τ V-T . First, continuous sources had been used [1, 2] . Afterwards, pulse sources were used [3, 4, 5] . Previously, we have used large photoacoustic cell to detect individual photoacoustic signals. From the shape of these signals we have determined vibrational-to-translation relaxation time [6, 7] . The spatial profile of the laser beam was crucial because we investigated multiphoton processes. The absorption coefficient is fluency-dependent in these processes. Because of this, the top hat laser beam profile is preferable.
Also, we have analyzed the influence of the spatial profile of the laser beam on the accuracy of vibrational-to-translational relaxation time measurements [7] . We have shown that the knowledge of the laser beam profile is crucial in these measurements. Be-cause of this we have tried to determine the laser beam profile from the shape of the photoacustic signal. In this paper we describe the iterative method for simultaneous determination of the laser beam profile and the vibrational-to-translational relaxation time.
THEORETICAL BACKGROUND
The photoacoustic signal shape can be calculated from the non-homogeneous wave equation [8, 9] 
where δp(r, t) is the pressure discrepancy from its equilibrium value, c is the speed of sound and S(r, t) is the source function which can be written as
where E(r, t) is the energy density, H(t) is the Heaviside step function and δ(t) is the Dirac delta function. Usually, the quantity E(r, t) is factorable into spatial and temporal part, i.e.:
where R(r) and T(t) are the spatial and temporal parts of the energy density, respectively. Previously, our goal was to solve non-homogeneous wave equation in order to obtain the theoretical photoacoustic signal. Now, we have an inverse aim. Namely, we consider δp(r, t) as a known function and our aim is to calculate R(r). To do this, we need a backprojection method. Different back-projection methods have been developed in photoacoustic tomography [10] [11] [12] . In this study, we have used approximate algorithm developed by Xu and Wang given in [11] . If the distance between detector and source is much larger than the wavelength of the photoacoustic pulse, the R(r) can be calculated as
where s is the infinite cylindrical surface, r 0 is the position vector of the detector scanning in this surface. Quantity C is positive constant and its exact value is irrelevant for us, because we need R(r) shape only, not an exact value. This formula is valid for delta function temporal part of the energy density. For 2D case (translational symmetry), there is a simplified formula
where φ is the polar coordinate.
RESULTS AND DISCUSSION
The back-projection method that we described can be adopted and used in photoacoustic spectroscopy of gases. Typical experimental conditions in our experiment allow further simplifications. Namely, we examine gas mixtures with low absorber concentration. Because of this, absorption coefficient is low thus we can treat our sample as an optically thin and neglect the intensity changes along propagation direction. There is a further simplification. The laser beam profile can be considered as an axial symmetric. Thus, we can conclude that there is the cylindrical symmetry. Consequently, this is 1D case thus we can reproduce the laser beam profile using only one photoacoustic signal.
The quantity T(t) describes the relaxation of the excited molecules in our case. Thus, it is not delta function already it can be written as
We have noted that this method can be applied only when T(t) = δ(t). Because of this we have to calculate the photoacoustic signal when is T(t) = δ(t). This can be done using deconvolution. Namely, we calculate the photoacoustic signal for T(t) = δ(t) as a deconvolution of the experimental signal and T(t) given by (6) . According to this, we need τ V-T to calculate laser beam profile R(r). On the other hand, we need laser beam profile to calculate τ V-T as noted above.
We can solve this problem using iterative, self-adjusted method for simultaneous determination of the laser beam profile and vibrational-to-translational relaxation time. Namely, we can assume the shape of the laser beam profile. Then, we can calculate the τ V-T using this assumption. Of course, this is approximate value. Still, we can calculate the photoacoustic pulse for T(t) = δ(t) using this value. Now, we can calculate the laser beam profile. Of course, this is approximate profile, as well. Yet, we can do this repeatedly. In this way we can obtain the new laser beam profiles and relaxation times. If the starting laser beam profile was good approximation, we should obtain better approximations. Finally, the relaxation time τ V-T and laser beam profile should converge to the exact values.
In order to test this method, we have performed numerical simulation. First, we have calculated photoacoustic signal for Gauss profile of the laser beam. The radius of the beam was r L = 1mm and vibrational-to-translational relaxation time was τ V-T = 10μs. This photoacoustic signal simulates an experimental signal. Now we need the starting iteration (the starting laser beam profile). The simplest starting profile is top hat. Now we can start iteration procedure. First we fit simulated signal using theoretical photoacustic signal for top hat profile. We obtain relaxation time in this way. Using this relaxation time we calculate the next laser beam profile, etc. In this example we have obtained good matching in four iterations (figure 1.). Further iterations do not increase accuracy. The obtained relaxation times oscillate around the exact value. The obtained laser beam profiles are nearly the same. We have obtained τ V-T = 9.81μs. The error is less than 2% (τ V-T = 10μs). Based on these results we conclude that this method can be successfully applied to the experimental signals as well. It is worth noting that the starting laser beam profile cannot have an arbitrary shape. It has to be similar to the real profile. Otherwise the iterative procedure will not converge. We have tested our procedure in an experimental example. The experimental set-up is described previously [6] . We have tested our procedure using experimental photoacoustic signal obtained in SF 6 The diffraction pattern and wings are clearly visible in obtained profile. Also, the new relaxation time is as much as 2.16 times longer than the starting one. Values of relaxation time oscillate randomly around 3.80μs after 8 th iteration. Based on these oscillations, we have estimated the error to be lower than 10%.
CONCLUSION
The iterative method for the simultaneous determination of the spatial profile of the laser beam and vibrational-to-translational relaxation time is presented in this paper. It is related to the pulse photoacoustic spectroscopy of gases. It uses back-projection method developed for photoacoustic tomography. The method has been tested using numerical simulation and experimental signals. This method increase accuracy of the translation-tovibration relaxation time measurement. This is important because different methods give very different values for this time.
An exact back-projection method can further increase accuracy of the relaxation time measuring. Because of this, the goal of further studies will be the development of a simple and exact back-projection method.
